By measuring the spin polarization of secondary electrons and the intensity of backscattered electrons generated in a scanning electron microscope, we are able to simultaneously image the ferromagnetic domain structure of a ferromagnetic thin film and the ferroelectric domain structure of the underlying ferroelectric substrate upon which it is grown. Simultaneous imaging allows straightforward, quantitative measurements of the correlations in these complex multiferroic systems. We have successfully imaged domains in CoFe/BFO and Fe/BTO, two systems with very different ferromagnet/ferroelectric coupling mechanisms, demonstrating how this technique provides a new local probe of magneto electric/strictive effects in multiferroic heterostructures. Combining ferromagnetic and ferroelectric materials has produced exciting new opportunities to design and produce structures with new functionalities. [1] [2] [3] In particular, heteroepitaxially grown ferromagnetic/ferroelectric multilayers provide a potential path towards making nanodevices where the magnetization is electrically controlled through magnetoelastic or magnetoelectric coupling. [4] [5] [6] In these multilayer heterostructures knowledge about the magnetization and polarization at the interface is key to understanding how these coupling mechanisms work. For example, one needs to see how the domain structure of a ferromagnetic thin film is correlated with and influenced by the domain structure of an underlying ferroelectric substrate. Various experimental techniques are currently used to image the ferroelectric and ferromagnetic structures: piezo-response force microscopy (PFM), 7 x-ray linear dichroism photoemission electron microscopy (XLD-PEEM), 8 Low-Energy Electron Microscopy (LEEM), 9 and optical birefringence 10 have been used to reveal the ferroelectric domain structures, while techniques such as magnetic force microscopy (MFM), magneto-optical Kerr microscopy (MOKE), and x-ray magnetic circular dichroism photoemission electron microscopy (XMCD-PEEM) have all been used to image ferromagnetic domain structure. 11 A detailed, quantitative analysis of ferromagnetic/ferroelectric domain structural correlations, however, is sometimes a Author to whom correspondence should be addressed. difficult since the images are usually not acquired simultaneously, or even under similar conditions. For example, PFM imaging can only be used when the conductive ferromagnetic film is not present. In this paper, we demonstrate the simultaneous imaging of ferromagnetic and ferroelectric structure in multiferroic multilayers using a modified scanning electron microscope (SEM). The low energy secondary electrons are spin-polarized and provide information about the direction of the magnetization in the ferromagnetic film, while the high energy elastically scattered electrons are sensitive to crystal structure and lattice distortions and hence the electric polarization direction in the underlying ferroelectric substrate. We have successfully applied this technique to Co 0.9 Fe 0.1 , Ni 0.8 Fe 0.2 , and Fe thin films, from 2 to 100 nm thick, deposited on multiferroic BiFeO 3 (BFO) films and ferroelectric BaTiO 3 (BTO) substrates. The observed correlations between ferromagnetic and ferroelectric structures varied greatly; they were very pronounced for thin CoFe films on BFO films and weak for thick NiFe films on bulk BTO crystals.
The schematic in Fig. 1 shows how the different energy scattered electrons are collected. The incident 15 keV electron beam generates low energy secondary electrons and high energy, elastically scattered electrons usually referred to as backscattered electrons (BSE). The secondary electrons generated at the sample are spin polarized and the polarization is directly proportional to the magnetization. This is the basis of the magnetic imaging technique, scanning electron microscopy with polarization analysis (SEMPA). 12 The front end of the SEMPA spin analyzer optics is biased at +1500 V and thereby collects all of the secondary electrons generated at the sample. The escape depth of these secondary electrons is about 1 nm so that SEMPA probes the outermost few atomic layers of the sample. On the other hand, elastically scattered BSE probe much deeper into the sample, on the order of 100 nm at these energies. 13 For well-ordered, crystalline samples, the BSE intensities are sensitive to the scattering geometry, since electron diffraction and electron channeling play important roles in the elastic scattering process. This sensitivity to crystal structure is the basis for the ferroelectric structure contrast. Ferroelectric domains polarized in different directions also have crystal structures that are distorted in different directions and therefore different channeling and diffraction conditions. This BSE sensitivity to scattering geometry has been used in previous experiments to image ferroelectric domain structures in uncoated samples using a standard BSE detector in an SEM.
14 In our measurements, the BSE intensity is measured using a second secondary electron detector in the following manner: Most of the BSE emitted from the sample are not collected by the SEMPA analyzer. Instead, these BSE strike surfaces inside the vacuum chamber, such as the chamber walls, and convert to secondary electrons which are then collected by the SEM's standard Everhart-Thornley (ET) secondary electron detector.
An example of a measurement is shown in Fig. 2 . In this case, the sample is a patterned 2 nm thick Co 0.9 Fe 0.1 film disc deposited on a 100 nm thick BFO (001)-oriented film epitaxially grown by pulsed laser deposition (PLD) on a 8 nm thick SrRuO 3 (SRO) buffered DyScO 3 (DSO) (110)-oriented substrate (see the supplementary material). 15 This strained heterostructure produces a simplified ferroelectric domain pattern consisting of 71
• stripe domains in the BFO with two orthogonal in-plane projections of the electric polarization. 16 By analyzing the spin polarization of the secondary electrons from the sample, SEMPA simultaneously measures the intensity, I, and the two in-plane magnetization components, M x and M y , of the CoFe film. From these components, the in-plane magnetization direction, θ xy = tan −1 (M x /M y ), is determined with a one standard deviation uncertainty of ±3
• . (No significant out-of-plane polarization, M z , was observed.) A simultaneously acquired image using the backscattered electron intensity, BSE, is also shown in Fig. 2 . The BSE image contrast reveals the BFO ferroelectric domain structure both in the region covered by the CoFe disc and for the uncovered BFO. Unlike the SEMPA or PFM image, however, the BSE image does not give the absolute direction of the polarization. The BSE contrast is only sensitive to lattice distortions. To see how well the BSE image shows the ferroelectric structure, the CoFe films were removed by ion milling and the ferroelectric domain structure of the uncoated samples was imaged using PFM. Although the BSE image is sensitive to a few other topographic and compositional features, comparison of the BSE and PFM images in Fig. 2 clearly shows that the BSE image reveals the same ferroelectric structure as the PFM image.
Simultaneous measurements of the ferromagnetic and ferroelectric structures provide quantitative information about the correlations and coupling between the two systems. For example, Fig. 3 shows SEMPA and BSE images of an unpatterned CoFe film grown on a BFO sample similar to the one shown in Fig. 2 . The film is in the as-grown state (before applying a magnetic field), so that the ferromagnetic structure is somewhat more complex than in Fig. 2 , but the influence of the striped ferroelectric domains of the underlying BFO is unmistakable. A more quantitative comparison is provided by the line scans shown in Fig. 3 . These line scans from exactly the same areas of the sample show that the degree to which the magnetic structure follows the ferroelectric structure depends on the size of the underlying BFO stripe domains. Without intralayer exchange coupling, the CoFe magnetization direction should follow the BFO domains exactly, alternating between +45
• to −45
• in the adjacent stripes. The CoFe magnetization comes close to this behavior when the BFO stripes are wider than about 400 nm. However, the angles are reduced in narrower stripes, and for stripes less than about 100 nm wide, the CoFe magnetization does not follow the BFO stripe structure at all. These measurements show that the intralayer exchange coupling, even in CoFe films that are only 2 nm thick, plays an important role in determining how the ferromagnetic film responds to the ferroelectric. The resulting magnetic structure is therefore a balance between exchange which tends to keep the magnetization uniform and magnetoelectric coupling which follows the ferroelectric polarization. For this system, the SEMPA/BSE measurements along with micromagnetic modeling were used to determine the effective coupling strength of 7 (+2.5, −1.5) mT between the ferromagnet and the ferroelectric. 17 To test the sensitivity of the BSE imaging contrast to switching of the ferroelectric polarization state, patterned samples were imaged after applying voltages that were sufficient to reverse the polarization. Figure 4 shows an example of such a measurement on a structure similar to the one shown in Fig. 2 except with a 200 nm thick BFO layer. In this case, the SEMPA, BSE, and PFM images were acquired after first applying a 7 V (350 kV/cm) pulse using the patterned CoFe film as the top electrode and the SRO as the bottom electrode. After the SEMPA and BSE images were acquired, the CoFe was removed by ion milling and the sample was imaged by PFM. The PFM image clearly shows that the polarization under the disc has been reversed, but the BSE image is less clear. Relative to the BSE polarization contrast outside the disc, the contrast under the disc has decreased rather than reversed. This is not surprising, since the sample was oriented to optimize the BSE contrast for the unswitched lattice structure, and the diffraction and back-scattering conditions for the lattice structure after switching may not produce optimal BSE contrast. This is a consideration when using this technique to image multiferroic states while switching devices with electric or magnetic fields. The SEMPA images will clearly show whether the ferromagnetic state has changed, but the BSE image may not unambiguously reveal reversals of the ferroelectric polarization where the switched polarization is along the same axis.
The measurement examples that have been presented in this paper so far have all been from the same multilayer structure: a thin, several nm thick, CoFe film on a strained, stripe domain, BFO substrate. The SEMPA/BSE technique has also been successfully applied to other ferromagnet/ ferroelectric systems, and three of those are shown in ferroelectric domain structure seen in the BSE image in Fig. 5(i) . The ferroelectric structures of these films have been analyzed previously using XLD-PEEM 18 and PFM. 19 In these measurements, the direction of the polarization was determined by imaging the ferroelectric domain structure at various angles with a technique of known directional sensitivity. This is not possible in the current SEMPA/BSE imaging arrangement. So, while the ferroelectric domains are 2014) clearly visible in the BSE image, we cannot determine the absolute polarization directions. On the other hand, the simultaneously acquired SEMPA image clearly shows the magnetization direction. Surprisingly, the magnetization does not follow the four variant ferroelectric pattern, but instead looks more like the striped magnetic structure on the two variant strained BFO. (ii) Unlike BFO where magnetoelectric coupling dominates, BTO is not a multiferroic and any coupling to a ferromagnetic film is expected to be through strain mediated magnetostriction. In this example, a 3 nm thick Fe film was deposited in situ on a BTO (001) substrate after the BTO was first etched using aqua regia and then cleaned in situ using 50 eV Ar ions. Twin boundaries along (101) and (011) planes in the tetragonally distorted BTO are responsible for domain walls where the polarization changes direction by 90
• . 10 These ferroelectric domains are clearly visible in the BSE image in Fig. 5 . Using information about this sample's crystallographic orientation, we can identify the domains as alternating stripes of so-called a and c domains with polarizations in-plane and perpendicular to the surface, respectively. One cannot determine which stripe is an a domain or a c domain from the BSE image, however. Furthermore, it is also not clear if the BSE image is sensitive to 180
• reversals of the polarization direction. In this case, the BSE contrast would have to originate from the small displacement of the Ti atom rather than the larger tetragonal distortion of the Ba lattice. The SEMPA image shows that the ferroelectric structure is imprinted on the Fe film magnetization, albeiet relatively weakly. In MOKE studies 20 of similar structures, Co 0.6 Fe 0.4 (15 nm)/BTO, it was concluded that the strain transfer at the interface was less than 10% in contrast to most reports on strain-mediated coupling where 100% transfer is assumed. These MOKE results together with the weak imprint seen in Fig. 5 (ii), and our observation that the degree of imprinting depended sensitively on BTO substrate preparation and annealing, suggest that, even in this strain-mediated system, the atomic scale order of the Fe/BTO interface is critical. An interface-controlled, thickness dependent investigation of the strain-mediated coupling using the SEMPA/BSE approach is warranted. (iii) In this sample, a relatively thick, 100 nm Ni 0.8 Fe 0.2 film was grown on a BTO (001) substrate.
The domain structure of the ferroelectric is still visible in the BSE image, even through this thick, polycrystalline ferromagnetic coating. In this case, the structure reveals bands of laminar groups of twin boundaries that intersect at right angles. 21 The SEMPA magnetization image reveals some subtle influences from the underlying ferroelectric structure, but the magnetization also shows characteristics, such as magnetization ripple, of an uncoupled ferromagnetic film. This is reasonable, since we expect strain mediated coupling effects to be significantly relaxed and bulk magnetic properties to override the interfacial coupling for thicker ferromagnetic films.
We have looked at a number of different multiferroic heterostructures which illustrate the major strengths, and some limitations, of imaging ferromagnetic/ferroelectric domains using the combined SEMPA/BSE techniques. As mentioned above, a limitation of the BSE image is that it does not give the direction of polarization, and the SEMPA image derives from the magnetization of the top few layers requiring a clean surface. Additionally, although electric fields can be applied during a SEMPA measurement, magnetic fields cannot. The major strength of the SEMPA/BSE technique is that the information regarding the magnetic and ferroelectric domains is acquired simultaneously but separately. Our results from various ferromagnet/ferroelectric heterostructure combinations demonstrate that it is possible to obtain high resolution images of magnetic microstructure and simultaneously look through ferromagnetic films over a wide range of thicknesses (up to 100 nm in Fig. 5(iii) ) and image the underlying ferroelectric domain structure. We expect that future studies comparing SEMPA and BSE images will provide important information on coupling, whether it is exchange coupling, strain-mediated coupling, or both. In addition, for patterned heterostructures with electrical contacts it should also be possible to image electrically controlled ferroelectric/ferromagnetic devices in situ.
In conclusion, we have shown that measuring the BSE intensity and the secondary electron polarization in a SEM allows us to simultaneously image the magnetic and ferroelectric structure in multilayer multiferroics. As multiferroic materials and thin films make strides towards eventual device applications, a robust and versatile diagnostic tool will be needed. The SEMPA/BSE images directly and quantitatively measure magnetization/polarization correlations, and thereby provide a new probe of magnetoelectric/magnetostrictive coupling and switching mechanisms in new materials and devices consisting of multilayer multiferroic heterostructures.
